A nested PCR primed by four degenerate oligonucleotides was developed for the specific amplification of sequences from the narG gene encoding the membrane-bound nitrate reductase. This approach was used to amplify fragments of the narG gene from five Pseudomonas species previously shown to be able to express the membrane-bound nitrate reductase and from community DNA extracted from a freshwater sediment. Amino acid sequences encoded by the narG fragments were compared to one another, and to the corresponding regions of related enzymes. This comparison indicates that the amplification protocols are specific for their intended targets. Sequences amplified from community DNA were tightly clustered, which may indicate a degree of homogeneity in the sediment community. The PCR primers and amplification protocols described will be useful in future studies of nitrate respiring populations. ß
Introduction
The ability of facultative anaerobes to reduce nitrate has been ascribed to the activity of a membrane-bound nitrate reductase (Nar) which is expressed when the oxygen tension is low. The enzyme uses reducing equivalents from the quinol pool to reduce nitrate to nitrite with the concomitant generation of a proton motive force [1] . At the time this study was initiated, narGHJI genes encoding the membrane-bound nitrate reductase had been described from the Gram positive bacterium Bacillus subtilis [2] and the Gram negative bacterium Escherichia coli [3] . Genes (narZYWV) encoding an isoenzyme of the E. coli nitrate reductase had also been described [4] . These three enzymes are structurally similar and are composed of cytoplasmic K and L subunits (encoded by narGH and narZY) anchored to the membrane by the Q subunit (encoded by the narI and narV genes). The K subunit contains a [4Fe-4S] centre and the molybdopterin guanine dinucleotide (MGD) cofactor, and is the site of nitrate reduction [1] . The fourth N polypeptide (product of the narJ and narW genes) is not a component of the mature enzyme, and is believed to have a role in assembly [5] . Recently, the sequences of the membrane-bound nitrate reductase loci of Pseudomonas £uorescens, Pseudomonas aeruginosa, Thermus thermophilus and Staphylococcus carnosus have become available ([6] ; Accessions Y15252, Y10124 and AF029225). As a result of genome sequencing projects, predicted narGHJI sequences from Mycobacterium tuberculosis, Streptomyces coelicolor and Staphylococcus aureus are also known (Accessions Z95584, AL031515, [7] ).
In recent years, considerable evidence has accumulated to support the idea of an additional respiratory pathway in which nitrate is reduced by a periplasmic nitrate reductase, Nap. In some cases, Nap provides the biochemical apparatus allowing nitrate respiration to proceed in the presence of oxygen, in other cases Nap is known to catalyse the ¢rst step of an anaerobic denitri¢cation pathway [1, 8] . A PCR-based protocol for the detection of the napA gene encoding the catalytic subunit of Nap was recently developed and shown to be e¡ective with a range of cultured bacteria and with total DNA extracted directly from a freshwater sediment [9] . The development of similar protocols for detection of genes encoding the membranebound nitrate reductase would provide an important addi-0378-1097 / 00 / $20.00 ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 9 9 ) 0 0 6 6 7 -9 * Corresponding author. Tel. : +44 (1603) 593222; Fax: +44 (1603) 592250; E-mail : s.spiro@uea.ac.uk tional tool for the di¡erential detection of nitrate reductase genes in nitrate respiring populations. This paper reports the design of degenerate primers and nested PCRs speci¢c to the ampli¢cation of narG gene fragments that encode the catalytic subunit of the membrane-bound nitrate reductase. The primers gave ampli¢cation products from Paracoccus pantotrophus and from several Pseudomonas species previously characterised and known to be capable of anoxic nitrate respiration [10] . Fragments of napA had previously been ampli¢ed from three of the Pseudomonas species [9] , demonstrating that the ampli¢cation protocols discriminate between the two types of nitrate reductase, and that possession of both types of enzyme is widespread.
Materials and methods

Bacterial strains and extraction of genomic DNA
The isolation and characterisation of strains have been described previously [10] ; for the purposes of this study, ¢ve Pseudomonas species capable of anoxic nitrate respiration were chosen, along with three Pseudomonas species and one Arthrobacter sp. incapable of anoxic nitrate respiration (Table 1) . P. pantotrophus, a strain capable of anaerobic and aerobic nitrate reduction, was also used. All cultures for genomic DNA isolations were grown at 30³C in 5 ml L broth (tryptone 10 g l 31 ; yeast extract 5 g 1 31 ; NaCl 5 g 1 31 ). Genomic DNAs were isolated using either Wizard columns or the Wizard Genomic DNA puri¢cation kit (Promega) according to the manufacturer's instructions.
Community DNA extraction
Freshwater surface sediment (0^10 cm) was collected in a sterile beaker from an arti¢cial lake on the University of East Anglia campus (Ordnance Survey grid reference TG193072). Samples were kept at 4³C and were used on the day of collection. Total DNA was extracted from undisturbed sediment (approximately 5 cm from the surface) using the method of Bruce et al. [11] .
DNA and PCR methods
Amino acid sequences derived from the narG gene of B. subtilis and the narG/Z genes of E. coli were aligned. Regions of sequence conservation were back-translated and two pairs of degenerate oligonucleotide primers suitable for a nested PCR approach were designed ( Fig. 1 and Table 2 ). Genomic DNA was used as the template in the ¢rst round of the nested PCR primed by 10 Wl of T37 and T39 (20 pmol Wl 31 ) in a 100-Wl reaction volume also containing 0.75 Wl Taq expand (Boehringer Mannheim), 10 Wl 10U bu¡er (Boehringer Mannheim), 3 mM MgCl 2 and 2 Wl of 10 mM deoxynucleotide triphosphate (dATP, dCTP, dGTP and dTTP) mix (Bioline). Thermocycling was in 0.2-ml thin walled tubes in a Perkin Elmer Geneamp 2400 cycler under the following conditions : 5 min at 94³C, 30 cycles of 1 min at 94³C, 1 min at 58³C, 1.5 min at 72³C, 10 min at 72³C. The ¢rst round product Fig. 1 . Organisation of the narGHJI locus in Escherichia coli. The arrows indicate the approximate locations of the four oligonucleotides (designated T37, T39, W9 and T38) used to prime nested PCR reactions for the ampli¢cation of narG. The isolation and characterisation of strains is described by Carter et al. [10] . ND : not done was used as the template in the second reaction primed by 10 Wl W9 and T38 (20 pmol Wl 31 ) in a 100-Wl reaction volume. The concentration of MgCl 2 in the second round was reduced to 1.5 mM: all other reaction components were kept the same. Second round cycling conditions were : 2 min at 94³C, 30 cycles of 1 min at 94³C, 0.5 min at 55³C, 1 min at 72³C, 10 min at 72³C. PCR products ampli¢ed from genomic or community DNA were cloned into pUC18 as described previously [9] . Cloned narG fragments ampli¢ed directly from community DNA were given the pre¢x`com' and Accession numbers Y11935^Y11939. DNA sequences were determined and analysed as described previously [9] .
Results
PCR analysis
Fragments of the narG gene were ampli¢ed from Pseudomonas sp. strains S2.1, S3.1, S3.8, S3.12 and S3.29, which are able to respire nitrate under anoxic conditions (Table 1) . Three strains able to respire nitrate aerobically but incapable of anaerobic denitri¢cation (Pseudomonas sp. strains S1.51 and S2.5, and Arthrobacter sp. strain S2.26) were negative in the PCR assay for membranebound nitrate reductase genes.
Community DNA extracted from a freshwater sediment Fig. 2 . Alignment of membrane bound nitrate reductase K subunit sequences. Ampli¢cation products from cultured isolates (Pseudomonas species strains S2.1, S3.1, S3.8, S3.12 and S3.29) and from community DNA (Com1, Com4, Com5, Com6, Com7 and Com9) were translated and aligned with a subunit sequences from E. coli (Eco, NarG and NarZ), B. subtilis (Bsu, [2] ), P. £uorescens (P£, [6] ), P. aeruginosa (Pae, Accession Y15252), T. thermophilus (Tth, Accession Y10124), S. coelicolor (Sco, Accession AL031515) Staphylococcus aureus (Sau, [7] ), Staphylococcus carnosus (Sca, Accession AF029225) and M. tuberculosis (Mtu, Accession Z95584). The sequence shown corresponds to residues 99^212 of the NarG of E. coli. Segment II as discussed in the text is indicated. Residues conserved in all of the sequences are indicated at the foot of the alignment, and conserved residues discussed in the text are indicated by asterisks.
was also used as the template in a PCR for the ampli¢ca-tion of narG fragments. Ampli¢cation was successful, and the identities of the ampli¢cation products were con¢rmed by subsequent sequence analysis (see below).
Comparison of narG sequences ampli¢ed from cultured organisms and community DNA
At least 366 nucleotides were sequenced on both strands of the nar fragments (cloned in pUC18) derived from cultured isolates and from community DNA. Nucleotide sequences were conceptually translated, and amino acid sequences were aligned (Fig. 2) with the equivalent regions of the narG and narZ gene products of E. coli and the narG gene products of P. £uorescens, B. subtilis, S. carnosus, Thermus thermophilus and P. pantotrophus (6,2, Accessions Y10124 and AF029225; D.J. Richardson and J. Moir, unpublished). As a result of genome sequencing e¡orts, narG sequences have also recently become available for Mycobacterium tuberculosis, Streptomyces coelicolor and Staphylococcus aureus [7] and these are included in sequence alignments and dendrograms. A dendrogram (Fig. 3) constructed from the sequence alignment indicates that the partial narG sequences from Pseudomonas sp. strains S2.1 and S3.12 are closely related to E. coli narG, whilst Pseudomonas sp. strains S3.1, S3.8 and S3.29 are most closely related to the P. £uorescens sequence. Sequences of narG fragments ampli¢ed directly from sediment DNA are more closely related to one another than they are to other narG sequences from cultured organisms. This may re£ect either a degree of homogeneity in the sediment community, or a bias in the ampli¢cation protocol towards sequences of a particular group.
The translated region of Nar includes all of the segment II region of the membrane bound nitrate reductase as de¢ned by Berks et al. [1] . Segment II is characterised by conserved arginine, proline and tryptophan residues [1] . Of these, the arginine and tryptophan residues are completely conserved in the 22 Nar sequences, whilst the proline is substituted by alanine or valine in three of the sequences from Gram positive organisms (Fig. 2) . Of the 123 residues in the Nar sequence alignment, 24 (20%) are conserved in all 22 sequences (Fig. 2) .
Discussion
A PCR protocol has been developed which allows the ampli¢cation of narG sequences from taxonomically diverse Gram positive and Gram negative bacteria. A similar approach has previously been developed for genes encoding the periplasmic nitrate reductase, which is associated with nitrate respiration under oxic conditions and ampli¢cation of sequences from the Genera Paracoccus, Rhodobacter, Pseudomonas and Moraxella was achieved [9] . The PCR methods described can be used to amplify nap and nar sequences independently from template DNA from the same source (either community DNA or a species with both nap and nar genes). Thus, the ampli¢cation protocols are speci¢c for their intended targets, which is of considerable importance if the primers are to be used in future ecological studies. It is clear that organisms (particularly pseudomonads) which potentially express both Ambiguity codes: N = G, A, T or C; Y = C or T; M = A or C; R = G or A. Fig. 3 . Dendrogram of Nar sequences. Sequences were ampli¢ed from Pseudomonas sp. strains S2.1, S3.1, S3.8, S3.12 and S3.29, and directly from community DNA (clones Com1, Com4, Com5, Com6, Com7 and Com9) and were compared with the equivalent regions of NarG and NarZ from E. coli and NarG from B. subtilis, P. pantotrophus, P. £uo-rescens, P. aeruginosa, M. tuberculosis, T. thermophilus, Staphylococcus aureus, Staphylococcus carnosus and S. coelicolor. The tree was constructed from an alignment of 123 amino acids using programs in the Phylogeny Inference Package.
types of nitrate reductase can be readily isolated from the environment, though the physiological and ecological signi¢cance of this remains to be established. Recent evidence suggests that, at least in the case of E. coli, Nar and Nap might be low and high a¤nity nitrate reductases, respectively [12] . This question is currently being explored by using the techniques described in this paper to study the spatial distribution in the sediment community of bacteria expressing the two nitrate reductases.
